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Abstract

The behavior of fluids has been studied for vears. This behavior has heen

modeled by the Navier-Stokes equations sinee the mid-nineteenth centurys however,
these equations are so complex that their use by engineers was impractical until the
advent of the modern computer, The same computers that made these equations
nselnl ereated a new problem: data saturation. The solution to the Navier-Stokes
cquations which represent an acrodynamic flow field is comprised of thousands if
not millions of numbers. This much data makes it virtually impossible to
conceptualize the situation within the flow ficld. To alleviate this problem, various
K computer graphics technigues have been used to provide images of flow fields.
Some of these technigues rely on approximating isometric surfaces of interest with

polygons: others only provide an image of a two-dimensional “slice™ of the flow

. fiedel.

Fhis thesis project applies a relatively new graphies technique known as
“vohunetric rendering” to generate three-dimensional images of acrodynamic flow
liclds. Volumetric rendering has shown promising results in several applications of
scientific visualization. Oune advantage of this technique is that it doesn’t rely on
geometric primitives to approximate a surface. Also. no a priori knowledge of the

flow field's form is required 1o produce the final inage.

To assess the utility of volumetric rendering in the ficld of compntational
flnid dynamics (CFD). a program known as VIPER is developed. This thesis
outlines the requirements and specitic algovithms for this program. himages of low
ficlds are presented and disenssed along, with program enhancements, Although
VIPER is developed for CFD purposes, its design permits its use in different

applications. several of which ave discussed,
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VOLUMETRIC RENDERING TECHNIQUES FOR THE
DISPLAY OF THREE-DIMENSIONAL AERODYNANMIC FLOW
FIELD DATA

I. Introduction

1.1 Thes=is Stalement

A relatively new compnter graphics techuique known as volumetric
rendering is being recognized as a powerful means of scientific visnalization in such
diverse fields as meteorology. medicine, and molecular physies. This thesis will
show that volumetrie rendering should also be developed as an engineering tool for
producing detailed images of theoretically- and experimentally-derived
three-dimensional (3D) aerodynamic flow fields. By providing a 31 inage of this
data, the time required to test and perfect acrodynamic designs imay be

sipnificantly reduced. thus increasing engineering efficiency and productivity.

1.2 Background

Flow field visualization is an essential tool in many ficlds of engineering.
Whether a design is for a building that must withstand high winds. a ship that
must negotiate heavy seas. or a supersonic fighter that must pass through the air.,
the engitieer st he able to study Tow the stinetire interacts with its flnid
cnvironment. Ever since engineers started working with fhiid dynamics problems.,
they have heen faced with the same problem: how to visnalize the invisible, Until
now. engineers have relicd on two hasic approaches to this problem. The first of
these approaches is to build a physical model of the object under design and

actually observe how the object behaves in a flow field. This technique typically




rehies on special test copripment such as wind tunmelss The second ) more recent
approach is to use a computer 1o solve the Navier-Stokes equations for the object
and render a two-dimensional (2D) image based on these solutions. Both of these

approaches have severe Tinitations.

The Wiight brothers were pioneers in the development of experimental flow
liclds. Their lirst development in this arca was a bicvele-mounted deviee which
held model airfoils in the flow lield that developed as the bicvele was pedaled
through town. Althongh uselul, this arrangement was too susceptible to
uncontrolled conditions (such as variable winds) and inaccurate measurements (due
to operator overload) to be used for detailed engincering work. To overcome these
shortcomings the Wrights invented the wind tunnel, a deviee that could generate a
constant., controlled flow field wherein the interaction between airfoils and their
fluid environment could be carefully measured (1:151). Since then, engineers have
relied extensively on flow field studies performed in wind tunnels. Although the
wind tunnel has proven itself an invaluable tool to the engineer. it requires

cumbersome and expensive procedures (1:1).

To begin with, a physical model of the object uuder test (OUT) must be
constructed. These models range in size from under an inch in length to fall-size
model aireraft. If the object’s design needs to be changed. the model must also be
he moditied or completely rebuilt. When the model is finished. it must be prepared
for testing. This process requires mounting the model in a wind tunnel and
preparing the instrumentation required for the test. Once the model and wind
tunnel are ready. the test is ran. Finally, after the test is completed. the
instrumentation and model st be removed from the tannel, o more data s
required later, the entire test sequence must he repeated. Fvery step ol this process
ivolves the and money: in an era of tightened veseavel hudgets: this evele is too

expensive 1o be perflormed often,
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Another constraimt placed npon the engineer is the availabibity of adeguate
wind tnnnels. There are celatively few wind tunnels available to engineers. Il there
15 0o wind tunnel available, an engineer’s project. must be delaved or possibly

canceled altogether,

Fortunately, the recent increase in computer capabilities and availability
have presented solutions to many of these problems. To begin with, the computer
nses a model that is abstract rather than physical. When compared to physical
models, an abstract model is relatively easy to corstruct and modify. Secondly.

computers are now commonplace and available to virtually every engineer. Finally,

no specialized mstrumentation is needed to run a flow ficld test on a computer;
only a computer with sufficient memory and some means of displaying the test
results is required. However, the same computers that provide this abstract design
capability also create a new problem: data saturation. Therefore, computer
availability is not enougli; a satisfactory method for displaying and analyzing test

results still poses a serious problem to researchers.

Flow ficld data is normally represented by a three-dimensional (31)) mesh of
data points. These data points are composed of solutions to Navier-Stokes
equations (a set of mathematical equations that model fluid hehavior). Each
solution may contain values for as many as twenty variables. If a flow field is
modeled by a 100x 100100 node mesh there will be 1000000 locations where data
is to be analyzed. This volume of data is too much for a engineer to assimilate

from printed numbers alone. Therefore, a graphic representation is necessary.

Farly efforts at flow field visualization were hased on modeling the action of
wind tnnnels themselves, One such svstem, called CINENAL was designed hy Capt
E. P. Amburn and used a technigue known as “particle tracing™. This system
simulated the release of particles in a flow ficld and traced the particles™ paths
throngh the ficld as a function of clapsed time (see Fignre 1), Local velocities at j

cach node were stored in a table. As a particle neared a node, its location and

L e e e et




velooty were npdated by reterencome the node vabile (10220 250 CINEN prodneed
20) and 3D amages and used veetor-based graphies svstems (1:16-17), This system
was an improvement over contemporary systems in that it displaved temporal
features, However, the use of a veetor-hased svstem precinded a continnons display
between data points, Thus, if the user released particles in the wrong areas, critical
features could be omitted from the final fow field image ( Nofe: Vector-based
displays have the advantage of clean, erisp lines and curves: however, it is diflicult
to till in solid areas (patehes) of color due to hardware timing constraints.
Raster-based graphics displays are better suited for pateh-filling. A full discussion
of vector- and raster-based graphics displays may be found in Chapter 3 of (7).). In
spite of this shortcoming. particle tracing is still one of the more popular technigues
used for rendering flow field images. It is a relatively fast technique and lends itself
nicely to user interaction. GRAPH3D. for example. is a software package developed
for NASA's Ames Research Center. Althongh several different methods for
rendering images of flow fields are provided. the particle tracing method is still

considered the most useful techinigue of those available on GRAPH3I (2).

In 1985, Kenneth Kroos presented a study of 31) visnalization techniques
involving vector-based displays. Kroos™ efforts involved displaying various shapes at
cach data point to show trends within a flow field. The primary objective of these
experiments was to develop an algorithm that could quickly generate these images

(11:i30). Kroos concluded that the optimum graphic symbol for this purpose was a

simple arrow-shaped vector. Such a vector is “anchored”™ to each data point and

has its magnitude and direction determined by the fluid flow at its origin.
Although this technigue allows fast rendering of an tage. Keoos notes that it has
several drawbacks (11111, First, due 1o the relatively siall size of most graphics
devices it is diflienlt to display very large and very small vectors in the same image.
Another problem posed by this techmgue is its inability to rellect temporal

features: thus multiple images must be produced to show time-dependent features




From (17:17) -

Figure 1. Tvypical Particle Tracing lmage

within the flow field. Also. when rendering an image of a large flow field. this
technique prodnces a very complex display that makes it difficult to interpret the
image. Finally, this technique requires the viewer to *fill in the blanks™ to

interpolate flow field values between data points.

Winkelmann and Tsao were among the first 1o develop a raster-hased
svstem for flow field data display. Their approach took advantage of a raster-based
system’s ability to fill in and color solid areas on the display. This capability
allowed them to show fll internodal value interpolations and provide gualitative
information by assoctating specifie colors with ditferent parameter valves,
Winkelmann and Tsao demonstrated the acenracy of their svstem by comparing,
computer-generated images of flow Held data with photographs from wind tunnel
tests: a very close correspondence hetween the two images indicated the validity of

this technique (24:177). However, their svstem was limited to 21 displays.

[ ]




Recognmzme the linntations of asie 20 aees, Santh, Sperv, and Faoerton
produced a techuique that attempts 1o use images similar to Winkelmann and
Tsao's to build a 31 image. Their approach generates =slices™ of flow ficld imagery,
then reorients and displays them in their positions relative to the llow field, as
shown in Figure 2 (22:197). AMthough this approach is more useful than the “flat”
images produced by Winkelmann and Tsao, it still leaves gaps in the image. thas

forcing the nser to gness what the flow field looks like within these voids

From (17:12)

Figure 2. Three Dimension Image Formed By Several 2D Images.

A completely different approach to rendering data was developed by
William Lorensen and Harvev Cline for rendering medical data. Their “Narching
Cubes™ algorithm (16) assimes the data being used represents a volwme cotprised
of cubic volumes (“voxels™). Each voxel has cight vertices: a specific data value is
associated with cach vertex. Once the volmme’s orientation relative to the user has

heen established. the rendering process begins. Each row of voxels is examined
g1 g

6
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(hom front 1o hack) for wser spectfied featares of imterest. I order to determine
. the existence of these values, a vertex is considered a *07 or a 17, depending on -
' whether its data value is below or above the value being sought. Once all eight
vertices have been processed, a surface is developed. This is accomplished by
performing a table lookup based upon the pattern formed by the vertex
classifications. This lookup will reduce the surface to one of fourteen possible
surfaces that can be produced by linking the voxel's edge midpoints. After
assigning a directional normal based on the surface’s gradient and orientation, a
lighting model is applied, the surface is rendered, and processing moves on to the
next voxel (16:161 - 166). This algorithm represents a radically new technique
known as volumetric rendering. Its advantage is that the data used is a 3D set of
values rather than a collection of planar polygons. However. the marching cubes
algorithm operates by assuming that any intersecting plancs will pass through
cither the edge midpoints or the vertices of any given voxel. Based on this

'l assumption, the algorithm then reverts to using planar polygous to produce a

stirface of interest.

One problem encountered with 3D technigues is that they have traditionally
tried to fit geometric primitives such as triangles and quadrilaterals to the surface
of an object (3:109-120). This technique provides the advantage of well-known
methods for deriving essential surface information. However. there are several

drawbacks to this approach when attempting to render a flow field image.

To begin with, using this technique can he difficult when dealing with
complex surfaces: “holes™ can appear in the surface being rendered due to
tridirectional polygon fitting. This problem is analagons to litting square pegs into
round holes; when a polygon is used to build a smootl sarface such as a sphere,
wrinkles and gaps may appear. Wherever these problems ocenr, special
interpolation rontines need to bhe invoked inan effort to “pateh”™ the sarface

l (19:170). This interpolation may lead to an inaccurate image. j

o u#




\nother Jdawback 1o polyveon ttime technmgues s the vestoction they place
. on the viewing of underlying information. Unless time-intensive sorting routines
are nsed, only the ontermost shell of data can be displaved and hackground details

are masked. A final drawback to these technigues is that they tend o be hased on

binary decisions. Thas, a portion of the ficld cither is or isn’t contained within the
surface: no allowances are made for *fuzzy zones™ where portions of the field are
approximately (but not exactly) equal to the isovatue selected for rendering. s
shorteoming may mask critical shear areas and deprive the engineer of crucial
information. Herein lie the weaknesses of the marching cubes algorithin: (1) the
desired data value(s) will not necessarily pass through the edge midpoints, and (2)
curved surfaces may only be approrimated by triangles. Furthermore, although
surfaces are common in medical images, the only real surfaces within a flow fickd
are those of the object being tested. The flow field itself has no surfaces per sc; it is
a volue of scalar values. However. | believe that volumetric rendering techniques
may be used to produce accurate and usefu] images of 3D acrodynamic flow ficld

data by developing surfaces of isometric values,

Robert Haber has stated that “Volumstric rendering methods are an
important new development for visualizing three-dimensional systems (12:95).7
Mare Levoy has developed a volumetric rendering technique for medical and
clectron density visualization (15:29). This technique doesn’t rely on geometric
primitives: instead. the volue of data is rendered by using ray-tracing techniques

(as described in (10) and (23)). Simulated light rays are fired through the array of

voxels. As a rayv passes through a voxel. the data value at the point of intersection
between the ray and the voxel is trilincarly interpolated from the data valnes at the _i
voxel's eight vertices. Based on this value, the color and transluscence of the voxel

is determined and factored into the rav's final color. When the rayv has passed

throngh the entire volume. the color of the vav is transfevred to the pisel throngh

which the ray passes. When all pixels have been colored. the image is complete.




Fhis approach las several advantages, Becanse o geametne primigives are
heing forced into a surface, no gaps will he generated. The absence of gaps (or
patches covering gaps) means that an image's acenracy is limited only by the
resolution of the display device heing used and the density of the data mesh.
Secondly, the transluscence of a voxel is determined by its value’s proximity to a
preselected target value: arcas where data values are “close™ to the target value will
he =slightly™ colored (15:32). This color gradation gives the rescarcher visnal cines
abont the gradient and thickuess of an isovalue surface. Object transluscence also
permits a view of underlying and background structures. As Levoy notes, his
technigue may be “easily modified to render interstitial volumes as
semi-transparent gels (15:36)7. Based on Levoy's results and the fact that the
electron density data set he used is similar to a flow ficld data set. | believe that
this techmigque can be adapted to flow field visnalization to produce 3D images of

an entire acrodynamic flow ficld.

1.3 Basic Requirements

To be a fully effective engineering tool, an image generator should have the

following capabilities:

a.  Data should be displayed throughout the entire flow field image rather than
just in isolated arcas. 'This capability provides a complete immage, thus
assuring the engineer that potentially critical leatures are not being omitted.
Conversely, the user should be able to isolate specific subvolumes in order to

eliminate regions of little or no inferest.

L. The object being tested should be included in the image along with the flow
ficld data. The display of eritical low field featnres is of Jittle value if there is
no wayv to correlate these features with their origin or how they affect the

OUT.




Pavimeter valoes 1o hedisplaved shanld beonser conteolled. Ny values will
he present within a How field. 10 all values are displayed, the image will be
confusing. If too few are displayed, critical data may be omitted. By allowing
the user to seleet target values for selected parameters, the svsten can render
images that isolate specific values of interest,

The range of acceptable deviation from a target parameter value nmst he
user-controlted. This feature allows the user to focus the imaging svstem as
finely as he wishes.

Different. colors should he associated with each target value selected hy the

user. Withont color differentiation. there is no way to distinguish one target

value from another. A color key should also be provided in the image. This

key should identify the value associated with cach color in the display.

Relationships between parameters should he user-controlled. There are five
basic flow field parameters: pressure. encrgy, and three flow velocity vector
values. All other flow field valnes may be derived from these parameters,
However, the user must be able to specify how these parameters are

interrelated before the values can be generated and the results displayed.

The system must allow the user to specify the viewing geometry. This
involves positioning the viewpoint. the viewing plane. the volume heing

rendered. and all light sources.

Temporal features should be displayed. Many flow field features (such as
vortices) develop and dissipate over a period of time. In order to study these
features, their entive lifespan must be rendered. Ideallv, the user shonld be
able to specily a start and stop time. along with the number of frames 1o be
generated within that time span. Given these inputs, the system would

output the required number of images to produce the specitied “movie™.
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1o Rabert Walll has abservesd that =000 b dimensional volumetiie data L Cinvalve
visualization techniques that do not currently exist in a low-cost workstation
environment, Nevertheless, without using these methods, it s difficult, if not
impossible, for a scientist to gain a good understanding of a wide variety of
data ... (26:35)7. In order to permit usage by the largest possible number of
engineers and rescarchers, a svstem should be designed for use at a
workstation. It should also be as portable as possible to allow its use on a

variety of systens.

1.4 Seope

Sinece this thesis is an initial attempt to use volumetric techniques to display
flow ficld data, I will not he developing the entire graphics system outlined above.
Instead, T will design and implement what I cousider the basic, most essential

features of the system.

The first capability 1 will provide is the volumetric display of the flow ficld
data along with the objeet under test. 1 will also implement mechanisms to allow
the user to specify the desired viewing geometry along with any specific subvolume

of interest,

Another capability I will provide will allow the user to select target values,
valne variances, and color-valne associations (see specifications c. . and e above). |

will also provide a color key in the image.

Due 1o time constraints. 1 will not attempt to provide the facilities for
specifving parameter interrelationships or antomaticallv generating temporal
leature display sequences (system capabilitios [and b respectively). The first
capahility would require the design and implementation of a command language
capable of allowing the user 1o hoth select parameters and describe how they are to
be manipulated to derive a new parameter, Instead. I will limit the syvstem to

displaying one scalar parameter per image. 'The second capability (time frame

11




speciication) will e onitted for two reasonss The irst cand most critical ) reason
is that | don’t believe there s suflicient time available for me to develop this
feature. Secondly, onee implemented, the svstem 1 badd will be able to generate a
time sequence; however, the user will have to specify each frame individually.
Althongh this is a more tedions method. it will produee the desived resalts,
Finallv. T will strive to make the svstem as portable as possible. This may
require foregoing system-specilic utilities in favor of writing more generalized

routines: however, the gain in supportability should offset this cost.

1.5 Thesis Organization
The remainder of this thesis is organized as follows:

Chapter 2 outlines the decisions required to design the svstem outlined in
Section 1.1, In this chapter. | discuss the alternative methods | considered, then
explain why I selected the options | used.

Chapter 3 deseribes the implementation of the imaging svstem. \long with
a general overview of the system organization, specific keyv algorithm details are
discnssed.

Chapter 4 summarizes my thesis results along with reconnmendations for

future system uses and enhancements,

Finally, a user’s guide for my system, the Volumetric Imagery Program for

Engineering Research (VIPER) is included as an appendix.




1. System Design

Dr Joseph Shang. an acronantical engineer at the N Foree Wright
Aeronantical Laboratory (AFWAL). recently noted that “to keep up with the rest
of the world ... we need to develop a good three-dimensional graphics capability for
displayving flow ficlds (21", panel report to the National Science Foundation
reaches mnch the same conclusion, noting that “there are many known structures
associated with fluid flows such as shock waves, vortices, shear lavers and wakes
... Software algorithims and visualization techniques are needed to identify these
structures in 31 llow field solutions . .. Innovative technigues for displaying 30
data are reguired both in hardware and software (18:A13)7. 1 believe that a
relatively new volumetrie rendering techuigue presents a solution to this

visualization problem.

Mare Levoy recently ontlined a techuique he used to generate images of
molecnlar strnctures (15:29-37) and noted that most previous systems
approximated surfaces by arranging geometric primitives (such as triangles or
rectangles) in such a way that they were “close”™ to the desired surface. As carlier
noted. this technigue has several major drawbacks. Volumetrie rendering (VR). on

the other hand. is well suited to the computational fluid dynamics (CFD) field.

201 Dala Structure Scleetion

One data structure nsed in VR is very similar to the data generated by flow
tickd analysis. This data structure is a simple 31 arvay (“spatial commeration™)
consisting of data points, cach of which contains discrete How ficld parameter

values. The alternative data stracture for VR use s the octree (9:17).

Octrees are tree structures that have cight ehildren per parent node. fo
build an octree. a recursive rontine is nsed to dynamically subdivide volumes into

octants until a predefined level of data homogeneity within each subvolume is
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achieved (0E 0 Onee thas stenctre s bndt e e Lee casily maneplated aned

traversed for image generation (20:100),

When short execution times are desived and 1000,000 or more data points
are 1o be processed, eflicient data manipulation is a key concern. Upon reading
Sandor’s octree deseription and algorithms (20), the octree was my imitial choice
for the primary data stracture in my svstem. However, Fujimoto, Tanaka. and
Iwata have shown that the octree’s eflicieney grows considerably worse than that of
spatial ennmeration as the depth of the volume heing vendered grows (9:21). Since
my objective is to render an image of an entire flow field. [ anticipated passing ravs
through a volume with a depth of 100 or more. Based on the findings of Fujimoto
ol al. | decided to use spatial enumeration as the principle data structure for my

syvsten.

2.2 Object Injection

Having selected spatial enumeration for the system. the next step was to
select the hest method for rendering the objeet under test (OUT) in the same
image as the flow field data. Fortunately, the acrodynamic engineers” method of
generating flow ficld data suggests a simple method for identifving the OUT within
the How field. In order to develop their data, the engineers build a 3D digitization
of the OUT and use this model to build their volume of Qow field data (2). Thus,
by nsing spatial emimeration as the basic data structure for my svstem, the
method of OUT representation is also established. If the engineer who develops the
digitized model of the OUT also uses a nnigne data value to identify the presence
of the OUT at a data node. hie mav also select that valne as a target value to he
songht and rendered by the Volumetrie lmagery Program for Engineering Rescarch
(VIPER). This capability will also provide the option of rendering an image of ihe
flow field with or withont the OUT heing displaved. 11 <honutd he noted, however,

that this method represents a double-edged sword. While it provides a simple and




versatile solution to the probleny of displaving the OUF withon the low held. the
i. data value used (o represent the OUT mnst be unique within the flow field:
| otherwise, portions of the How field will be rendered with the same color nsed to

denote the QU and an element of ambiguity may be introduced into the image.

2.8 Portability

Since VIPER is intended for eventual use by the eugineering community in
N general. system portability was another critical consideration. To he portable, the
svstem needed to be implemented with a general purpose high order langnage and
as free as possible of system-dependent features, Onee installed. the system also
had 10 be as simple as possible to maiuntain. Since many graphics tools are written
in the *C" programming language, 1 decided to implement my system in (",

Portability was also enhanced by using the Utah.rle graphics routines. These

consist of a public domain iimage file format and a set of tools to reposition and
combine images. Use of this system provided a common, inexpensive, and

pre-cstablished base for space-ellicient image deseription.

In order to be portable, user interfaces also had to be general in nature,
Although mouse- or icon-hased interfaces would he simpler for the user. their use
would severely limit system portability. Instead. | chose simple qnestion/answer
prompts for user interfaces. This approach reguires only a display device and a
kevhoard.

Finally, all system-specific parameter valnes (such as the pixel dimensions of
the display device being used) would be isolated in a separate header file. This
wotld provide a central file that could he modilied to tatlor VIPER to any

particular system heing used.

Having made the major design decisions, | began implementing a svstem
that would satisfy the goals set forth i Chapter 1o Fhe nest chapter details how

this program is implemented.
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I System Implementation

The Volumetrie Imagery Program for Engineering Rescarch (VIPER)
provides the capability for rendering full 3D images of acrodynamic How field data.
Chapter 2 outlines the preliminary design decisions that were reguired hefore
program inplementation bee. n, This chapter details how the actual program s
constriacted and how it performs its tasks, After a brief overview of the viewing
geometry involved in volumetric rendering. cach of VIPER s subfunctions will be
examined. The subfunctions are discussed in the same ovder in which they occur

during program execution.

2.0 Viewing Geomelry

Belore discussing the implementation details of VIPER, it is necessary to
nnderstand the viewing geometry involved. The viewing geometry is determined by
the locations of the viewer's eve, the viewing plane, the data volume, and all light

sonrees selected by the user (see Figure 3).

211 Viewer's Eye. The viewer's eve is represented by a single point in
space. Its location is selected by the user. All of the ravs that are cast to form the
final image emanate from the viewer's eve. The direction of the emanating rays is

determined by the location of the viewing plane.

3.1.2 Viewing Planc. ‘I'he viewing plane is an arvay of picture elements
(pixels). The size and location of the viewing plane are nser-selectable. N ray is |
cast from the eve throngh the center of cach pixel. Onee the vavis defined s

extended as [ar as necessary to determine whether or not it intereepts the data

volitme.

L
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. S0b Data Volume . Fhe data volume s be thonght af as o hox ob data
P suspended in space. This box is comprised of volume elements (voxels) acranged in
a rectangular, 31 wmesh. The location of the data volume is nser-specified by
entering the desired coordinates for the centerpoint of the volume, Fixing this

L— point also defines the planes that form the faces of the volume. i this respeet,
spatial enumeration acts as its own bounding structure, a graphics technigue used

to improve algorithm elliciency.

I?— : Light Source

\ Z

| X

. Data Volume

z Viewing Plane

Fyve

Figure 3. Initial Viewing Geometry

3.0.4  Light Sources. The final clement of the viewing geometry, light
source location. is another user-specificd leature. For cach light sonvee, the nser
must provide the desived location coordinates. Each light source is tmodeled as a
point that emits parallel ravs of white light. This model was selected for its
stmplicity, Other models may provide a more realistic approximation of light's

behavior: however, they also require a higher computational overhead.
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St htiad Setups Phe initial viewing geometes iy be looked at from
two different perspectives: the user's and the programmer’s. Athough they are
very similar, they have one distinet difference, The user’s perspective is centered
about the viewer's eve: however, as shown in Figare 3, the program actually

revolves about the center of the data volume,

To the user. the initial viewing geometey places the origin at the viewer's
eve and all manipulations are based on the . v, 2 axes ax shown in Figure 3. The
viewing plane is centered on and orthogonal to the 2 axis at a user-specified
distance from the viewer's eyve, Likewise, the data volume is initially centered
orthogonally on the z axis at a user-specified distance from the eve. l'inally, the

light sources are snspended in space at their user-specified coordinates.

On the other hand, the programmer sees the initial geometry with the data
volume's center point at the X, Y. Z axes origins (see Figure 3). Although the
viewer's eve is still pointed directly down the 7 axis, it is moved in the negafive 7,
direction to establish the user-specified distance from the viewer's eve to the center
of the data volume. Ouce the viewer's eve position is defined. the viewing plane is
centered abonut the 7 axis at the proper distance from the eve. Likewise, the

Z-ordinate of each light source’s position is adjusted relative to the eve's Z-ordinate.

2.1.6  Viewing Transformations. In order to provide the capability of
viewing all portions of the llow field. the standard graphics viewing transforms
(rotation. translation. and scaling) must be available. The difference between the
nser’s and the programmer’s perceptions of the viewing geometry arose from the
implementation of these transforms, From the nuser’s point of view. the data volumne
is being rotated, translated. and sealed. However, transforming the data volmne
would require changing cach voxel's location. \ tvpical volume may contain more
than a million voxels: at 18 mathematical operations (nine multiplications and nine

additions) per voxel this approach wonld require a great deal of computation thme,
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Thevetore, the rotation and tanstation operations are performed on the viewer's
eve position, each light source’s location, and cach pixel coordinate. In order to
achieve the results desived by the user, the abjects are transformed in the opposite
sense 1o the nser's entries, For example, il the user wishes to rotate the data
volinne 15° abont the X axis, VIPER will rotate the viewer's eve, all light sources,
and all pixels = 15° about the X axis. Thus. the volume remains fixed while all the
other components in the viewing geometey are moved: however, the itlusion of

changing the volume's orientation is maintained for the user’s convenience.

Unfortunately, the scaling transform could not be effected by operating on
the eve and pixel positions; the volume itself needed to be transformed. However,
the nature of the volume allowed me to scale it without modifying each voxel. The
kev to my solution lies in the fact that, although spaced irregularly, the voxels’
locations are otherwise uniform: that is. they form distinet planes. Therefore,
rather than storing a distinet set of coordinates for each voxel, 1 was able to save all
N ordinates in a i-dimcosion array: all Vand Z locations were stored likewise. This
approach allows me to represent the locations of many voxels by using relatively
few numbers (r.g.. a million voxels may be defined with as few as 300 numbers).
Each location ordinate must also be adjusted to fit in with the viewing geometry:
this step involves subtracting half the volume's span [rom each ordinate value (e.g.
il the volume's .\ ordinates range from 2 to 6. 1 would be subtracted from each
ordinate. The resulting span would go fron -2 to 2 and be centered about X = 0.)
When the user wishes to change the size of the volume. all that is required is a

stimple multiplication of cach ordinate by the user-specified scaling factor.

2.2 Target Paramelors
[n addition to specifving the viewing geometey, VIPER allows the user to
scleet target values of interest. the red. green. and bine (RGB) color values to he

associated with each target value, the maximum allowable deviation from the
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target valnes and the maxinmm opacity for surfaces that correspond with the

target values, ‘These parameters are stored as a record; a separate record is

maintained for cach target value selected.

220 Target Values, VIPER allows selection of up to five target data
values. If the user wishes to have the OUT rendered in the image. one of the target

values must be the data value that was used to designate the OUT in the volume.

2.2.2 Targed Colors, A separate RGB color triplet is specified for each
target value selected by the user. When specifyving RGB triplets, the user must take
care to select a different triplet for cach target value. Failure to do this will result in
surfaces of different isovalues being rendered with the same color: image ambiguity
will result. Furthermore, the RGB triplets should be distinct enough that color
variations resulting from surface highlighting will not create a color crossover
(where surfaces with different initial colors appear to have the same color). RGB

triplets are expressed as sets of three real nnmbers that may range from 0.0 to 1.0

2.2.3  _tllowable Value Derviation. The allowable value deviation defines
the “window™ of values that will be rendered. In order to provide visual clues
about the proximity of a surface’s value to the target value, surface samples with
valnes that are near the center of the value window will be more opaque than

samples that fall near the window edges.

3.2.4 Opacity. The final user-controlled parameter is the maximum
surface opacity. This parameter mav range from 0,0 to 1.0, with higher values j
denoting a higher degree of opacity. Aun opacity ol 0.0 will produce sirfaces that
are enfirely transparent and colorless while a valne of 1O will be completely

opaque. As mentioned previously, the final opacity of a sieface sample will depend

wpon its value's proximity to a target valne. This opacity is determined by the
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following equation:

UI""""!I...m,u. = "l’“‘."”m-u' x (1.0~

()

| value target = ralue sample |)

allowable deviation
for any value 4y, that falls within the specified window of values. AH samples
that do not fall within the valne window will be assigned an opacity of 0.0,

It shonld be noted that this opacity formula differs from that of Levoy's
(15:32). The reason for this difference is the fact that Levoy is tryving to render

sirfaces of a given thickness with the following formula:

| | valueig,q — valtie g |

"lm(‘i'y.mmpl' = I (2)

-_— - x -
thickncss | local gradient |

After experimenting with both equations, 1 found that images rendered
nsing Fouation 2 showed the same structures as images rendered with Equation 1.
However, Fquation 2 produces a dimmer image. Due to the hrighter images. along
with the fact that it is computationally faster. VIPER uses Equation 1 to

determine surface opacities.

3.4 Ray Casting

As previously noted. cach viewing ray emanates from the viewer's eve and is
directed throngh the centerpoint of a pixel in the viewing plane. These two points
determine the direction of the rayv. Once the ray is formed, it is normalized to a

magnitude of unit length. The ray originates at the pixel through whiclh it passes.

The first step in ray casting (after the ray is formed) involves determining if
the ray inteveepts the data volnme. .\ two-step process is required 1o perform this
check. First, the ray’s point of origin is tested to see if it s located within the data
volume. If this is the case. the ray is assimed 1o intereept the volume with an
impact point that coincides with the rav’s point of origin. I the ray doesn’t
originate within the volume. the next step is to see if the ray extends into the

volume. To perform this check. the distance from each face of the data volume to
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the ray’s point of origin is divided by a directional component of the ray (for
instance, the distances from the ray’s origin to the left and right faces of the data
volume are divided by the X-component of the rav). Once all six face-to-eve
distances are calenlated, cach ray component is multiplied by one of the distances
and added to the corresponding eve positional ordinate to vield a planar impact
coordinate, If this point is on one of the volume's faces, the distance is saved.
When all six distances have heen checked, the nearest rayv-volume impact point is
selected as a starting point for volume traversal. If no intersection points are

found. the ray misses the data volume and processing proceeds to the next pixel.

If a volume impact point is found, the ray is incrementally extended
through the data volume with the data being tested at each step. Levoy's approach
to this process involves “resampling the ray at A evenly spaced locations ... along
the ray (15:30)". An early version of VIPER used this approach with disappointing
results (see Figure 4). This technigue can exhibit strong aliasing artifacts and may
omit entire voxels. The reason for this lies in the fact that the probahility of
finding all surfaces of interest depends on the length chosen for the intervals
between steps. 11 a large step is taken, many interstitial surfaces may be missed. If
a smaller step is taken to account for this problem, the algorithm will expericnce a
linear increase in execution time (e.g.. doubling the sampling frequency will also
double the time required to traverse the volume.). Finally. it is impossible to assure
that all surfaces of interest will be found: to do so would require taking an infinite
number of samples along each ray. As an alternative, I have developed the

following algorithm.

To start the volume traversal process, the rav-volume impact point is also
nsed as the first rav-voxel itersection point. The point where the ray emerges
from the voxel is then calenlated, Once these two points are found. the intervening,
data may be tested against the nser-specified tareet values (as deseribed below).

Once the eurrent voxel has heen processed, the rav moves to the next voxel hy




Figure 4. Aliasing Prodnced by Sampling at Even lutervals.

assuming that the current exit point coincides with the entry point into the next
voxel (see Iigure 5). This process continues until either the ray emerges from the

data volume or the light available to the ray is depleted.

2.4 Data Sampling and Color Caleulations

Once a ray is positioned within a voxel, the data lyving along the ray’s path
must be tested against the target values selected by the user. classified. and (if
appropriate) factored into the ray’s color. This sequence forms a pipeline as

described by Mare Levov in (15).

$.4.0 Trilincar Interpolation of Data Values, The fivst step in testing {he
data is determining the data values at the rav-voxel entry and exit points. This is

accomplished by following Levoy's suggestion (15:30) and trilinearly interpolating
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Figure 5. Rav Traversal Throngh Adjacent Voxels
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the values at these points baserd on the data values at the voxel's vertices. Once
these two values have been delermined. each target value can be tested for

inchision along the ray segiment defined by the entry and exit points.

There are three possible categories that a target value may fall into:

e It lics hetween the valnes of the two endpoints.

o It doesn’t lie between the values of the two endpoints but one of the

endpoints lies within its window of allowable valnes,

o It doesn’t lie between the values of the two cudpoints and neither endpoint

hes within its window of allowable vatues,

—_—
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W tareet vadne Talls into the latier vategory, toamay he distegarded for the
current voxel. However il it falls into one of the other two categories, the target

value nmst be parameterized into a relative distance term as follows:

If the target value falls hetween the two endpoint s,

vl pger = value, g

(3)

value, pyp = ruluc,,,,,.“,,'
However, if the target value falls into the second category ahove, £ will equal 0 or 1

depending on which endpoint falls within the window.

After all target values have been classified and parameterized, they are
sorted by ascending values of 1. After the sorting is complete. cach target value's

effect upon the ray’s color may be calculated.

Since this technique involves locating the surface by relating its value to the
values of the ray segment’s endpoints, the algorithm is freed from the constraints of
sampling poiuts along the segment. As a vesult. | have eliminated the aliasing
problem T enconntered wsing A evenly spaced locations™. Also. sinee the ray is
being moved along a voxel at a time, the maximum number of times the ray must.
be advanced and caleulations made is direetly related to the number of voxels in
the volume instead of the dimensions of the volume itsell. Thus, for a 100 x 50 x 30
volume, a ray will need a maximum of only 100 extensions: it makes no difference
whether the volnme has a span of 1,000 or 1.000.000 units. On the other hand. if
VIPER used evenly spaced samples, increasing the volume's span by a factor of

L.000 would also increase the number of samples required by a factor of 1,000.

2.4.2 Sample Color and Opacity Assignient, Determining the RGB
values to be used for cach target value is simple: the user has already defined the
RGB valnes associated with each target value. Determining the opacity of the
stirface s little more involved. If the f-value associated with the target valne is

greater than 0. the opacity of the surface is equal to the user-specified opacity
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assoctated with the tareet valnes 100 8 the siface opacaity s fomndd ey
substituting ralue, yypy ponr 01 value gnme i Fauation 1107 = 1 the target value is
disregavded; it will he accounted for when the next voxel along the vav's path is

|H'U('(‘.\'N('il.

A gt Surface Highlighting. The next step in the rendering pipeline
involves determining the surface highlights due to the light sources selected by the
user. | nse the Phong shading model to determine surface highlights. However,
before the Phong model can be used, the normal to the surface at the point of ray
intersection must be determined. [ use the local surface gradient to determine the
surface normal. According to Levoy (15:31), the local surface gradient can be

determined by
Vilriy )= (i(f(-l'.'n-y;- )= Jlricv oy ).

Moy a) = Jlroy,o0e )

Yty zian) = [0, 50mn)) (4)

This approach assigns the same surface gradient to all points within a given voxel.
VIPER extends this technique and nses bilinear interpolation to approximate local

gradients (and thus the surface normal) as follows:
vf(-"""f"” roy.s ) = ((f(-ruH Ysurface Sgurfaee ) = .[( LyoYsurfuces ~surface ).
(f(-rsurjacn Yid1s Zaurface ) - f('rsurf(l(‘t “Yj«Zsurface ))s

([( e fave s Wsur face « Thgd ) - f(".surfvh'r Maur face s :k))) (r)

~

Although VIPER s technigue is more complicated than Levov's, it gives a more

accurate value for the surface normal at a given point.

Once the suwrface normal is caleulated. the Phong shading model may be

applied to the surface to determine surface highlights.
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b Dt Vtenuation, Laeght attensgtion presented o speced profdens:
although some method was required to model the effects of light passing through
surfaces of different opacities, an accurate and realistic model wonld be extremely
complex and slow. Also. as Michael Keeler notes: *it’s much more important to
represent information than to go for realism in onr field (25:25)." Therelore, as an
alternative to an intricate model of light-surface interaction, 1 developed the
following method 1o account for decreasing light levels, Unattennated light s
assigned a light level value of 1.0, As each pixel ray is formed. it has an available
light level of 1.0, However, as the ray passes throngh surfaces, the light level is

decreased with the following formula:

Light levcl = light lcrdd X (1O = opacil Ysyr face )

This technique is based on the premise that light may only be reflected or
transmitted; none may be absorbed by a surface. Another simplification 1 made
assumes that surfaces only reflect from the side that faces the viewer. Thus, il light
is rellected from an underlving surlace, all of the rellected light will pass through
any intervening surfaces. A\ final assswimption I made is that all surfaces are
perfeetly smooth: no light is scattered through reflection. Although these
assumptions grosshy simplifv the interaction hetween light and physical objects. the
resultant model does produce the effect of light attenuation without slow. complex

computations.

3.4.5 Combining Sample and Ray. The final step to be performed involves
factoring the color of the surface into the final color of the vav. To do this, VIPER
simply nudtiplies the RGB values of the surface by the opacity ol the sarface and

the available light. ‘This color is then added to the rav's color. Thus.

l{(r'[}H,,” = If(v"’[(,,,, + IN/II/ I_l I‘l/ X /f(v'l;\,,,j.,,, x ()/NI(‘f.l![\',,,.],,(,




aned the final colon ol the pisel thronel wineh the vay passes is given by

a3y, = Z(l.iyhl Level, x RGBS, pa, X Opacilyg,, ra, ).

¢ =0

By decreasing the light level and incorporating each surface’s color
contribution to the pixel as the ray is traced through the volume, 1 am able to
perfornn a front to-back summation and thus avoid the extra time and overhead
reguired by the front-1o-back traversal followed by a back-to-front summation

technique developed by Frieder, Gordon, and Revnolds (R).

4.5 Summary of Algorithm
e Read in Data and Build the Data Volume.
o Interactively read in User-Controlled Parameters.
o Transform the Viewing Geometry.

e For Each Pixel:

— Form Ray.
= Check for Ray-Volume Intersections. If Ray lntersects the Volume,
Trace the Ray Through the Voliime, At each Voxel:
+ Locate Ray's Entry and Exit Points. Trilinearly Interpolate their
Values.
* Locate all Ray-Target Value Surface lutersections.

* Calculate Fach Surface’s Normal. Shading Factor, Contribution to

Pixel’s Final RGB Value, and Light Attenuation.

+ lixtend Rav to Next Voxel.
— Save Pixel’s Final RGB Values in a Frame Buffer,

o Save Frame Buaffer in Utalirle Format.




1V. Conclusions

The first three chapters of this thesis present the rationale and
implementation details involved in VIPER s development. In this chapter, T will
assess VIPER's capabilities and performance characteristies, I will also ontline
what [ believe would be major enhancements to VIPER as well as other fields in

which VIPER might prove useful.

{.1 Porformanee Characleristics

§.1.1  Erpcrl Opinion. Inasmuch as | am not an acrodynamicist and
therefore not qualified 1o assess VIPER s utility in that field, 1 sought the opinions
ol those who wonkl know what is useful and what is not. Accordingly, | presented
VIPER-generated unages of theoretical flow field data to Capt Beran (an instructor
in the AFIT Department of Aeronautical Engincering) and Dr. Webster, an
acrodyvnamicist from the Air Foree Wright Aeronautical Laboratory. Both of these

reviewers made favorable comments on VIPER's imagery and capabilities.

In an effort to demonstrate VIPER's applicability to other fields, 1 used
VIPER to produce a series of images based on the atomic energy levels
surronnding compressed crystalline structures. Lt Col Lupo. a professor from
AFIT s Plivsics Department, was favorably impressed by these images, noting that
they closely corresponded with the 2D contour plots he had developed for the data.
He furthermore stated that the 31 images developed by VIPER were “much
better™ than the polvgonal-hased images he had heen nsing,

Finally. VIPER was used by Capt Gary Lorimor (a fellow AFIT stadent) in
the conrse ol his thesis efforts. When he noted errors generated by a Polhenims
Navigation Sciences 3-SPACE tracker. he took a series of readings at specific
spatial intervals, Using these veadings, VIPER was able 1o generate an image of

predicted error values within the space where the tracker was being used. Studying

.)(’
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the mages allowed Capt Lortmen toadentily specihie tegrons of hoth gl and fow

Crror Zones,

Based on these assessments, | bhelieve that the applications of volumetrice
rendering should be further exploved. not only in the ield of computational fluid

dynamies but in other fields of study as well.

§.0.2 Mgorihm Efficicncy. VIPER is a graphics program that nses a
rav-casting algorithm to provide full, 3D images of a volume of data. In ovder to
assess algorithm efliciency, one must normally specify whether efliciency is heing
expressed in terms of time or space complexity. In assessing VIPER, | have found
that this distinction is not necessary: the algorithm’s time and space complexities
are hoth dependent upon the size of the data volume (in terms of voxel

dimensions) to be rendered.

If one disregards the process of reading in the data volume, VIPER operates
with an efficieney of Ofpr). where pis the number of pixels throngh which ravs are
being cast and s the volume's largest dimension (in terms of voxels per edge).
The elficiency notation for the data-reading portion of VIPER depends on the unit
of measurement to be used. IF measured in terms of total number of mesh nodes in
the data volume, this segment operates at a linear efficieney level of Ofd) (where d
is the number of data points to be read in). On the other hand. if one uses the
volume's dimensions (measured in voxels per edge) as the standard of measure,
VIPERs data-reading performauce may be expressed as O(ijk) where i, j. k arve

-
the XYL Z dimensions of the data volume.

§.1.2.1 Ercewtion Time, 1Cis diflienlt to give a meaningal fipure
for VIPER s exeeution time due to the number of factors (e.g.. nmnber of voxels in
the volume. pixel dimensions of final image. object magnilication. number of
surfaces heing sought, sirface opacity, et ) involved. However, to prodiee a

demonstration video that is thirty seconds in length vequired the rendering of 900
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imaees. Fhe vobnme rendered had vosel dinensions ol 100 < 6% < 6% Tor a total of
162,100 mesh nodes; the video images showed the volume at different angles and
diffevent opacity settings for the target surfaces. Each image measured 512 x 512
pixels. Using the Digital Equipment Corporation GPX Microvax T graphices
svstems located at AFITE, the time required per image ranged from 27 minntes to
approximately 3.5 hours. Athough these fignres obviously preclude the use of
VIPER for interactive image generation and viewing, they are not prohibitively
farge: 21) images used 1o demonstrate graphies capabilities at NASA's Langley
Rescarch Center require “only two hours of central processing time (17:5)" on a
VPS-32 supercomputer. Therefore, 1 believe that VIPER demonstrates a useful

image production rate.

§.1.2.2 Mcmory Requivements. Memory regnirements, like
execution times, are difficult to quantify: therefore, I shall again resort to the
memory requirements 1 observed during the production of VIPER's demonstration
vidleo. The storage requirement for the data file was 10.711 megabytes (M) of
online memory: however. it should be noted that the data file was stored in ASC1I
format. While less memory would be required if data was stored in a binary format
this would induce an element of system dependency and thus limit the portability
of the program. While executing. VIPER required 2.317Mb: this requirement will

change in proportion to the size of the data volume.

4.1.4  Data Display. As noted in Chapter 1. most acrodynamic images to
date have heen restricted to either 2D displavs. 21 images superimposed upon each
other in a 31 arrangement. color-coded regions on the surface of the
object-under-test (OUT), or a 3D displav of vectors or particle paths, Figure 6
shows a tvpical 2D rendering of the flow field aronnd a frictionless sphere. In
contrast. Figure 7 shows a stereo image of the same How field as renderved by

VIPER. The different shells displaved in the image correspond to various values of




the veboniy potentiad ahont the sphiere These shiells are ouly faated at by the long
' streamlines shown in Figure 6. However, careful comparison bhetween these two
lignres shows that VIPER s iage is exactly what i predicted in (13). Also note
the colored minbers in the lower left corer of the image: they form the image
- color kev and indicate the target values heing rendered ax well as the color with
which they are being displaved. The pale grev sphieee in the center of the display

represents the OUF,

From (13:310

Figure 6. Texthook Tmage of Flow Nbont a Sphere

VIPER's accuracy mav also he assessed by comparing, the contour plot ol a
wake vortex (Fignre 8) with the VIPER-generated mage of the same data set
(Fignre 9. The range of VIPER s capabilities is suggested by Fignre 10 which

shows the same view of the vortex rendered with different opacity values,




it PRI SR e TN SO MU

@ Brg L, &g S

Fignre 7. VIPER Image of Flow About a Sphere

I believe that these examples and the previously-cited reaction from
potential users demonstrate VIPER s potential for improving the state of

acrodvnamic flow field imagery.

{14 Miasing Fffects. As | noted in Chapter 3. the original strategy of
sampling at even steps along each ray produced very pronounced aliasing artifacts
due to the resultant gaps in coverage that occur between sampling points. Locating
surfaces as a function of seginent endpoint values eliminated this problem.
However, there are still sources of aliasing, that shonld he addressed.

To begin with. the number of voxels in the data volume itself will have an
effect on the degree of spatial aliasing apparent in the final image. Specilically. a

given volume will exhibit fewer aliasing artifacts il it s represented by 100,000

voxels than it would if it is comprised of only 100 voxels: this is another form of
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Figure 8. Contour Plot of Wake Vortex.

aliasing as a function of sampling frequency. However, the number of voxels in the
volume will be dictated by the user’s needs and system capabilities; this is not a

problem that can be solved within VIPER.

Another aliasing effect that varies with the size of the voxels being rendered
i% also influenced by the steepness of the local gradient surrounding a given voxel,
the size of the value window being used, and the opacity of the target surface.
Given the right circnmstances. the entive voxel will be colored and displayed as «
rectangular block within the final image. This effect is most likely to oceur when

using a small value window and high opacity cocilicient 1o render a region

comprised of relatively large voxels containing a steep local gradient. The user may

dampen this form of aliasing by specifving faivly wide value windows aned Jow

opacity cocllicients, particularly when setting these valnes for rendering the OUT.
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Figure 9. VIPER-CGenerated linage of Wake Vortex

Another source of aliasing is produced by point sampling and is dependent
upon the resolution of the viewing plane (measured in pixel dimensions). The
coarser the viewing plane, the more pronounced the aliasing (which manifests itself
in the form of jagged edges) will be. This is due to the fact that the color of an
cutire area (the pixel) is determined by the color of an infinitely small area (the

cross section of the pixel ray). Mauy schiemes have been advanced in an effort to

retuedy this common graphics problem. Tyvpical solutions include supersampling
(hring more than one ray per pixel and averaging the resultant RGB triplets).

filtering. and “bluiring”™ the image by averaging the colors of adjacent pixels. Al of L |
these approaches incur a higher computational overhead and tend to degrade the

sharpness of the final image. | experimented with supersampling and found that.

although a linear increase in processing time was required. little improvement was

achieved by firing fonr vays per pixel.
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. Figure 10. Wake Vortex Rendered With Different Opacity Values. R
A linal source of aliasing is identified by Drebin, Carpenter. and Hanrahan
who note that “when rays diverge they may not sample adjacent pixels (5:72)"
- (Since a ray is fired through cveery pixel. | believe this is an error and pirel should
' vread rored.). However, giving the user the ability to adjust the the locations of the
viewing plane and data volume provides the means to minimize this problem. As
the distance between the viewer’s eve and the viewing plane increases, the angle of K
divergence between rays decreases. As the distance approaches infinity, the ray
divergence approaches zero. As an example of this technigque, when making my
. demonstration video, [ used a 512 x 312 pixel image plane set at a distance of 5000
| -

units from the viewer's eve. Given this confignration. the maximum divergence
hetween neighboring ravs is only 0.0162°. 1f less divergenee is desired, the image

plane and data volume may be moved to an even greater distance.
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Figure 11. Subvolume lsolation Via ('utting Plane Method.

405 Pavamelor Control. There are a nunber of parameters that ave
explicitly controlled by the user. These fall into one of two general categories:
scene specification and target value/property definition. After reading in the data

volume, VIPER prompts the user to enter values for each control parameter.

{.1.5.1 Scene Speeification. This first category of parameters allows
the user to “set the scene™. The user must first specify the viewing geometry. The
parameters that control the initial geometry are the distance from the viewer's eye
to the center of the data volume, the distance from the viewer's eve to the viewing

plane, and the location of all desired light sources.
The nser may also selectively et awav™ portions of the data volwme in two
ways. This permits the user to isolate a specilic subvolnme of interest. The first

method of volume elimination is accomplished by placing the viewing plane within
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the volmmeas shown e Frewee T8 By bomg, pesel vanv < rans the viewing, plane

instead of the viewer's eve, | was able to transform the viewing plane into a cutting

plane. The second method of eliminating portions of the volume invotves
selectively removing user-specilied slabs from any (or all) of the volume's six faces.
Figure 12 shows the same flow licld as Figure 7@ however, 95% of the flow field has

heen selectively removed by taking slabs off of the front and back of the data

S BEEMSES

volume. The central 3% of the volume is thus revealed for examination.
- Onee the subvolume has been defined. the nser must inpat scaling factors,
angles of rotation, and translational distances. Pinally. the user is given the

opportunity to change the size of the viewing plane. Once entered, these

parameters define the final viewing geometry. Another variable to be entered
specifies the ambient light level within the scene. Finally, an RGB color triplet
must be specified for the image matte. This is a color to be applied to any pixel ray
that misses the data volume. Ravs that do intersect the volume are initially black
(RGB = 0.0.0) and change as they encounter target surfaces. The objective of this
feature is to display the silhouctte of the data volume against a colored mat; this
allows the user to orient the rendered surfaces within the volume itself. 1f the user

wishes to disable this feature, hie ouly needs to select a mat RGB triplet of (0.0.0).

§.0.5.2 Targed Values. The envrent version of VIPER allows the

user to specily up 1o live target values to be sought out and rendered. For each

target value, the user must specify the value itself. a window of acceptable values
which is centered about the target value. the RGB color triplet to he associated

with the target value, and the opacity of the target value's surlace. These valnes
are assigned independently for each target value to he songht. However, the ——q
reflectivity values (diffuse and speenlar reflection coctlicients) are specitied once

and applied uniformly to all rendered surfaces, 1




oo Poctabidity. Since VPER s atended for vsers who will have o wide
variety of computing facilities at their disposal. | placed a great deal of emphasis
on maintaining portability. Accordingly, I eschewed system-specific utilities in favor
of using generally available functions (sneh as sine and cosine functions) and
straightforward (" code. As previously mentioned, the final image is stored in the
talirle format. The use of this format was justified because it is a public domain
format that is widely supported for many different svstems. Although developed on
a DEC GPX Microvax HI svstem, | have been able (o transfer. recompile, and ran

VIPER on a Silicon Graphics 3130 lris system as well as a VAX 11/785 computer.

4.2 Suggested Enhancements

VIPER is not intended as an ultimate graphics tool for engineers. It is also
not intended to be used for gquantitative measurements. However, 1 do believe it
has the potential to hecome a very powerful engineering tool by providing 3D
images of aerodynamic flow field data. These images will make qualitative
assessient of flow ficlds relatively simple and intaitive for engineers. In the course
of this thesis. | have developed a prototype for VIPER that is simple to use and
provides many of the features an engineer is likely to require or desire. Although
useful inits current form, there are several features that could be incorporated into

VIPER to make it even more robust and powerful.

{.2.1 Grid Configuration. VIPER operates on the assumption that the
data volume will be represented by a rectangular grid. 1t was not until the later
stages of my thesis work that 1 discovered that acrodyvnamicists varely use a
rectangular grid: instead. they rontinely nse a grid that is nearly orthogonal but
not rectangular (see Figure 13). To compensate for this difference in grids, T wonld
suggest developing an infermediary program that could map a rectangular grid into
a given non-rectangnlar grid. trilinearly interpolate the data value at that point.

and produce a new data file that contains a rectangular approximation of the
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ortemal low dicld ead. Nhomed this would provide a temporany hridee hetween
. the diffevent grid conlignrations, it might wot be a good long-tern solution. To
begin with, it imposes an additional ueden apon the user. Secondly, nsing
interpolation to develop a rectangnlar grid and then inferpolating again to locate
tarpet surfaces implies the potemial loss of accuracy in the conrse of the rendering
process. Nlthongh VIFER is intended as a qualitative tool and can therefore
tolevate some inacenracy. it is clearly desirable to it this loss of precision as

mich as possible,

Figure 12. Subvolume Isolation Via Slal, Removal Method.

r
VIPER can now process irregnlarly-sized voxels: Tdon't believe . !
non-rectangular voxels will require any major changes 1o the trilinear interpolation |

or volmme traversal rontines. However, 1 don’t see anv alternatives (o storing the

4
XY 7 coordinates for cach mesh node. I this proves necessary, the memory __!
|
i
1
{

required to store or represent the data file will be quadrupled: this may make

10
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Figure 13. Typical Aerodvnamicist’s Grids

VIPER impractical for use on many systemw. Therefore, | would suggest this
problem be explored in an effort to produce a procedure that wonld allow a
generalized description of the transform required to map grids from

non-rectangular to rectangnlar forns,

£.2.2 Non-Scalar Values. Although 60 per cent of the standard flow field
variables are vectors components. VIPER can only display scalar data. Vector data
may be displaved: however, gsince only one vector component conld be displaved per
image. the value of such images is highlyv questionable. Theeefore. T recommend the
problem of generating nseful displays of vector data he examined. One possibility
would he to combine the three veloeity veetors (Vo V. V) and displaving the

magnitude of the resultant veetor as a scalar valne,

11
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o Paramdtor Devication. Closety velited 1o the problem ol displaving

veetor vahues is the need to display data that is derived from the standard flow field
values of pressure, energy. and velocity vectors. In order to provide this capability.
a language processor must he developed so that the user may describe how the
desived parameter is derived, My feeling is that this feature shonld be developed as
a separate program rather than as an integral part of VIPER: otherwise, VIPER

mayv hecome too enmbersome to use,

{24 Supcrcomputers and Parvallel Processing. As previously mentioned,
VIPER takes too long to generate images to he used for interactive viewing.
However. it is possible that if installed on a supercomputer or broken up into
several parallel processes, the time required to complete an image could possibly be
reduced to seconds instead of hours. Restructuring VIPLR for parallel processing
should be relatively simple: individual segments of the viewing plane (¢.g.. a few
scan lines) conld be assigned to different processors. When finished, the segients
wonld be rennited to form the final image. The potential for improved performance

definitely makes this area worth exploring.

Should VIPER's execution time be shortened enough to permit interactive
viewing, new user interfaces will need to be developed. These interfaces will have
to allow the user to rotate the volume, change the viewpoint. and isolate varions
subregions of the volwme. It would also be useful to allow the user to select
different target values or even change the type of data being displayed (¢.g.. from

velocity to pressure) “on the fly”,

{.2.5  Nutomatic Flow Ficld Feature Detection. One of VIPER s
shortcomings is that the user mnst have some idea ol what data values will he ol
interest. If the nser doesn’t already have some idea of what the flow ficld should
look like. he must rely on chance to find such featnres as <hock waves and vortices,

One way to locate these features is to preprocess the data to find minimum,




maninnin . and avetage valunes Wath dhos dornation, the nser condd vender an
image using target valnes and wide enongh windows to span all of the data. With
snceessive images, critical low field features may he fecreted ont. This is cleacly an
awkward, brute force approach to an important issue. It wounld be better if VIPER
could antomatically locate and render areas of potential interest to engineers. This
feature might take the form of having the user specify the parameter to be
monitored and a threshold for the local gradient. If VIPER detected a local
gracient that exceeded this threshold, it would render the region and save the
parameter values in a separate file for post-rendering analvsis. Such a feature could

save a greal deal of time and frustration for the user.

§.2.6  Temporal Features. NMauy flow ficld features such as shock waves
and vortices develop and change as a function of time. 1t would therefore be useful
to be able to specify a start and stop time along with the number of images to be
produced and have VIPER automatically develop the desived sequence of images.
This capability would obviously require the user to supply some means of
associating a specific time for cach data sample. II this could be done in
conjunction with supercomputing and parallel processing (see above), the
possibility of antomatic “movie™ generation and interactive image viewing might

become very real indeed.,

4.2.7 Subrolumc Isolation. VIPER allows the user to isolate data
subvolumes by explicitly removing layers from the volume faces (which is much like
peeling the lavers off of an onion) and embedding the viewing plane within the
data volnme (which is like making one shice in an onion). However, users will often
want to remove sections which do not lie parallel to the volume faces. Instead, they
will need the ability 1o carve out anv arbitrary subvolnme they so desive. This

capability should he provided.
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io0 Dossible Applications

Maxine Brown recently observed that there aren’t very many visualization
tools that run on workstations, “Fach scientist is investigating some litthe aspect of
some far-fetched problem, so they are ot going to find general tools™ she notes.
“In fact, that is a problem: there is a level where they all need similar tools, hat
then past that level, they all need a great degree of specialization (25:25).7 1 have
designed VIPER to operate on a variety of workstations and systems., | also
developed VIPER in a general manner so that specialized applications and general
enhancements could he easily incorporated. Although the primary objective of this
thesis was to produce a program that could generate images of acrodynaic flow
field data. volumetric rendering technigues lend thenselves to a wide variety of
possible uses. In the course of this thesis, | have rendered images of acrodynaniic
flow fields. error levels in magnetic fields, and atomic energy levels between crystals
without modifving VIPER. This leads me to conclude that VIPER qualifies as a
“general tool™. 1 also believe that. if necessary. VIPER could be easily madified to

accomodate specialization in various ficlds, some of which are discuszed helow.

{.4.1 Radar Cross Sections. Radar cross sections are an important
consideration when designing aireraft and missiles, especially at a time where
cimphasis on “stealth technology™ is increasing. Since radar cross section data is
collected in a 3D wesh, VIPER could he used 10 assess radar returns from many

look angles as well as different radio frequencies and power settings.

by

4.2 Threat Envcopes. Whether emplaced aronnd an arca or point
target, rda; coverage is affected by the target s surrounding tevrain, Mso, there
may be zones of little or no radar coverage hetween installations. Likewise, anti-air
defenses (SAM and AAA) are susceptible to the same terrain masking and site
separation considerations. The atr combat arcna s somewhat unique i that a0 s

three-dimensional instead of the two-dimension vealim associated with ground or




maval sinbace combut. Thevefore ot should he posaible to model the volimme aronnd
a given target to produce an image that identifies potentially vulnerable as well as
high-threat regions, VIPER could he used in such a seenario as an aid to mission
planning and risk assessment. VIPER conld also be used as an intelligence tool if
used to analyvze key signature elements or perform strength/weakness assessments

of weapons svstems such as enemy fighters, naval surface combatants, or tanks.

{.3..4  Farth Seicnees. Volumetric rendering techniques have already been
applicd to meteorological data. Several possible uses for VIPER may also be found
in the earth sciences. One area of research that could make use of VIPER involves
the study of isothermic layers in the ocean. Although generally understood, there
is still no way of predicting their thickness or extent. These layers provide excellent
concealment for submarines; il the occan surrounding a surface combatant could be
sampled in several places and the resultant data was processed by VIPER, a 31
image of the isothermic layers in the immediate region could be produced; this
would allow naval commanders to narrow down areas where enemy submarines
could he hiding. 1t wonld also allow detection equipment operators to fine-tune

their equipment to compensate for a given isothermic confignration.

Another earth science application for VIPER could be found in the realm of
seisinic data. Information from core samples and seismic sensors could be |
integrated and rendered to vield a 31 image of various features. Applications
would include such diverse activities as earthquake prediction, petroleum
exploration. and assessing the effectiveness of hardening techniques around missile

silos. bumkers, and other nndergronnd strnctures.

§.4 Summary

Rendering images based on volumetric data is a relatively new ficld of

endeavor in computer graphics. For this thesis. | have developed VIPER. a

K.



prototy pe volumetvie rendenme proeram. Mter producing 30 nnages of
acrodvaamic ow lield, atomic energy levels, and magnetic sensor data, Fam
convineed that VIPER may he used as a powerful engineering tool. The comments
received from several potential users seem to confirm this belief and justify more
development effort in this area. Although volmnetrie rendering cannot possibly
replace other imagery tools such as interactive particle traces, | feel that it is
destined to take its place as an angmentation to the array of aids available to
acrodvnamicists in their pursnit of safe, ellicient aireralt design. While developing
VIPER and analyzing its applicability to acrodynamic engineering. | have hecome
aware of the range of possible uses for programs such as VIPER. It is my belief
that as cach area is explored. more uses will be continuously uncovered. Therefore,
I believe that VIPER should be enhanced and its applicability to acrodynamic flow

fickds as well as other arcas of rescarch and development should be pursued.
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| Appendix A, User’s Guide

At Introduction

The Volumetric linaging Program for Enginecering Research (VIPER) is a
general purpose graphies program designed to produce three-dimension (31))
images based on meshes of volumetric scalar data. VIPER is semi-interactive in
that it allows the user to interactively set the parameters that control the image to

be produced.

This User's Guide will outline how to install VIPER on a typical computer
svstem and how to determine the parameter values you will need to produce the
image you want. Finally, some hints for speeding up image production will he

provided.

Although VIPER was developed on a Unix operating system, I have tried to
keep the program as systemi-independent as possible. Therefore, 1 believe that
VIPER should run on any system that supports the ¢ programming language and
has sufficient memory to handle large data files. Likewise, this User's Guide is
hiased towards Unix systems: however, ontside of some minor installation details.
there should be no real complications involved with using VIPER on non-Unix

systems.,

A2 Installing VIPER

VIPER actunally requires two libraries in order to operate. The first library
is composed of the files that make up the Utahale image format vontines. These _ﬂ
rontines are a public domain set of files that enable VIPER to produce more
efficient image files as an output. The second VIPER libravy is comprised of the

files that produce VIPER itself. —!
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Vo Utah e Fabrary Fable Elists the files that amake ap the Utalrde

. lilbwvary, Some of these files may need 1o be modified to operate on your computer
svstem. Instractions for maodifications may be found within the files and are
bevond the scope of this user's gnide. Onee these files have heen installed, you will
need to compile and link them to form the final library module librle.a. The

-

- simplest way to do this is to rename rlemakefile to makefile and then enter the
command make. Doing this will cause makefile to automatically produce librle.a

_ for vou (Nole: This applies to Unix systems: il vou are a non-Unix user, makefile
may not work for vou. Consult yonr system manager or docimentation to
determine the compile/link operations you will need to perform for this step.).
Once librle.a has heen prepared. you are ready to install VIPER.

hstring.c rlegetrow.c  rlemakefile sv_putraw.c.fi
Inildimap.c  rlegetrow.c.h  Runsv.e SV_put row.c
dither.c rle_getrow.c.f scanargs.c svil_global.c
rle_getcom.c  rleputcom.c  svib.h svib_global.h
. rle_getraw.c  rlexaw_alc.c  sv_putraw.c XtndRunsv.h
rle_getraw.h  rlerow.alc.c  sv_putraw.c.ba
Table 1. Utah.rle Library Files

A.2.2 VIPER Library The files vou will need for VIPER are shown in
Table 2. Once these files are in place on vour system and you have produced a copy
of librle.a (see above). vou are ready 1o huild the VIPER library. To do this.
rename vipermakefile to makefile and cnter the command make riper to
complete the VIPER-building sequence (again. non-Unix users may need to follow
a different procedure.). You shold now have all von need to produce 30) images of

vour volumetric data.

At Using VIPER

Using VIPER is a fairly straightforward process that requires a file of

properly formatted scalar data and a {ew user-supplied parameter values.
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externsh setup.e viper.e
mterpolate.c  traversal.e  viper.h
mapval.c vexterns.h - vipermakefile
matrix_ops.c

Table 2. VIPER Library Files

Atd Dala Format Figure 11 shows a small file of data in the VIPER
format. The first line is simply a remarks line. This is a line of up to 80 characters
and is reserved for any labels or pertinent information that identifies the file, The
contents of this line are immaterial to VIPER: Liowever. this line must be
present, even if it is blank. The secoud line contains three integers that
indicate the dimensions (in terms of data nodes) along the X, Y, and Z axes of the
data volume to be rendered. The remaining lines are comprised of the X, V., Z
coordinates of each data point along with the scalar data value at that point. ( Note:
Putting one set of coordinates and value per line makes the file easier to read:
however, the file will require more memory space if vou do this. For larger files, it
may be better to record more than one data point per line. VIPER can read either
format.). Remember, VIPER assumes that you are using a rectangular grid
of data points! Any other type of grid will be distorted and the final image will

be difficult (if not impossible) to interpret.

Sample VIPER Data File - Comment Line
2 2 2

-2.0 0 -2.0 0.0 -18.000

00 2.0 100 12.000

20 -1.0 1.0 6.000

2.0 <10 2.0 R0

1O 2.0 1o 6000

L0 2.0 200 6.000

1.0 -1.0 0.0 0000

1.0 -0 2.0 3.000

Figure L Sample VIPER Data File
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A2 Pavamdtor Sclting NVIPER will require von 1o set several viewing,
parameters. In order for vou to be able to make informed value selections, we will

now review each parameter and how to determine the values you will need.

Ao 200 Command Line Entries. The lirst parameters yvou will set
i are embedded in the command hine used to invoke VIPER. The command line

format is
viper -option input output -

The -option allows you to locate the position of the image. Using -c will

center the image on vour screen while -k will locate the image in the lower left
corner. Normally, vou will probably want to center the image: the -k option was

developed for special situations (such as producing videotapes of images).

The input parameter is the name of the data file you wish to have

. rendered: output is the name vou assign to the final image file (Nofe: This file

name must have a .rle extension.).

If your command line doesn’t have the proper format, VIPER will reject. it
m and terminate. Otherwise, VIPER will read vour data file and then enter the "

interactive parameter-setting phase.

A.4.2.2 Feadback, The first value vou will be asked for will
determine whether or not VIPER produces feedback for vou during image
generation. This feedback takes the form of echoing back some of yvour parameter
selections as well as printing an advisory notice after cach scanline in vonr image
has been completed. This information is useful if vou want to monitor the progress
ol your image as it progresses as well as the first few times von nse VIPER. Onee
vou get used to rmnning VIPER or want 1o put VIPER into the backgronnd mode.
. vou will probably want 1o disable the feedback option. To enable {eedback, enter 1; —q

to disable feedback, enter 0.
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Uonrv Sealmg, Niter VIPER has vead vonn data file s it will et
vou know the tinal vohune dimensions and ask vou for a scaling lactor. This is
opportunity to change the physical dimensions of vour volume along any or all of
the volume's axex. However, to determine the proper value will reguire you to set
several parameters. T order to work ont these values, we will now look at the
viewing geomietry that VIPER uses (see Figure 15). VIPER assumes that vou are
al the axes origin and looking straight down the Z axis. The viewing plane and
data volume are initially centered on the Z axis. VIPER will allow vou to set the
distances from vour eve to the viewing plane as well as the center of the data
volume. This capability allows vou to use VIPER in much the same way as you
wonld use a camera. Moving the viewing plane is much like adjusting a camera's
focal length while moving the volume corresponds to moving towards or away from
an object in order to adjust the total area it will occupy in a photograph. llowever,
VIPER gives you one more option: placing the viewing plane inside the volume
allows von to cut away portions of the volume: whatever is between your eye and

the viewing plane will be omitted from the final image.

Referring to Figure 16, we see how to determine the necessary parameter
settings by using similar triangles. We already know the size of the data volume, d.
If we then choose a value for the distance from our eve to the viewing plane (a).
the desired extent of the volume in the final image (b). and the distance from our
eve to the conter of the data volume ¢, we may casily find the scaling factor
required to produce this image by the following equation:

Scale Factor = :—:ﬁ

Ouce yvon have determined the sealing factor. von shonkd enter it into
VIPER. If vou do not enter the same value for all three axes, the data volume will

he *stretehed”™ from its original proportions. Auother thing to keep in mind is that

if vou don’t want to change the volume's size. von shonld enter a value of 1.0
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Figure 15. VIPER's Viewing Geometry

A.2.2.4 Volume Trimming. As previously noted, you can use the
viewing plane 1o eliminate portions of the data volume. VIPER offers you another
method for trimming off portions of the volume. You will be asked if you want to
trim “slabs™ off of the volume's faces. To decline this opportunity. simply enter 0.
However. if von do want to trim away part of the volume, entering 1 will cause
VIPER to prompt you lor decisions regarding the six volume faces, Enter 0 for
faces yon don’t want to trim and 1 for faces you do want to trim. VIPER will ask
vou how much of the volmme vou want to trim off: simply enter the amonnt vou

want removed (Remember yvour sealing factor when von enter this value!).

A.2.2.5  Object Distances. The next values VIPER will ask for are
the distances from vour eve to the viewing plane and from vour eve to the eontor of ) i

the data volume. respectively.

-t
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Figure 16. C'alculating Object Positions and Scaling Factors
' A.2.2.6  Manipulating the Data Volume. VIPER will next give you
the opportunity to reovient the data volume. The first set of parameters will allow
vou to rotate the volume about any or all of its three axes. These values are
measured in degrees and increase in a anti-clockwise direction (as you look along
|
the axes). The second set of parameters permit vou to “slide™ the volume along the
three axes. To move left, down or towards vou. von will need to enter a negative
value: likewise. positive values will move the volume right. up. and away from you.
A.8.2.7 Changing the Viewing Plane Dimensions. The viewing
plane is measured in terms of picture elements (pirdds). The default hovizontal and
- vertical dimensions for the viewing plane are 1021 x 768, respectively, To maintain

these values, enter a 0 when VIPER asks vou i von want to change the sereen size.
To change these dimensions, enter a 1 followed by the new horizontal and vertical

dimensions vou want (Nofe: If the values von enter exceed the defanlt values or ave

less than two. VIPER will revert to the default screen size.).
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Volds Lights, The nest set ol parameters will deternnne the
lighting within vour scene. The first value represents the ambient light present.
This is the amonnt of light that would be available if none of your light sources
were turned on. A value of 0.0 corresponds to a totally darkened room while
entering 1.0 would indicate a bright. sunlit scene. Next, VIPER will ask vou how
many light sonrces vou want to install. You must have at least one light but no
more than five lights. For each light source, you will need to supply VIPER with
the three coordinates for the light's location (Remember, vour eyve is at the origin
with a location of [0.0.0]. A light 100 units directly above your eye would have
coordinates [0.0,100).). When all of your lights have been activated, you will need

to tell VIPER what it is supposed to be looking for.

A.3.2.9 Sclting the Targcl Values. VIPER will try to find surfaces
whose values correspond to the targets vou set for it. You may specily from one to
five target values to be sought. After you tell VIPER how many values are to be
formed, vou awill necd 1o provide a set of valies for each target vou select. The first
parameter is the value of the surface itsclf. You may then specify a “window™ of
values that are “close enough™ to the target value (c.g.. if you specify a target
value of 50.0 and an allowable variance if 5.0, the window of values will range from

15.0 to 55.0).

The next parameters will determine the surface characteristics of color and
opacity. VIPER produces color by additively blending red. green, and blue (RGB)
to vield the desired color (Nole: additirely means that lower color values are
darker: thus, an RGB value of 000 produces Black: 001 is hlne, T s white, ete),
For each surface, vou will need to provide an RGB triplet to specify the color of the
surface. Be careful not to give the same RGB value to more than one target: both
will be given the same color and vou won't he able to tell the two apart. Finally,
vou will provide an opacity coefficient for the surface. This will determine how

transparent the surface will be. A valite of 0.0 will he completely transparent and

.
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wor't <show npin the images an opacity ol 10wl he completely opague sined thns
. hide any underlying surfaces. Any value between these two limits will provide a

partiallv-transparent surface.

AL 200 Surface Reflectivity. There is one final surface parameter

- that is applicd uniformly to all simrfaces. The surface reflectivity of the surfaces
ranges from 0.0 for a very dull surface to 1.0 for a very shiny surface. You will be
able 1o determine the glossiness of the surface by entering a single value within
these two bounds.,

A.2.2.01  Image Matte. The final parameter you will be prompted

‘j for is the RGB triplet for the image matte. This is a default color that will be

applicd to any part of the viewing plane that is not occupied by the data volume.
The image matte is useful in a number of ways. To begin with, the matte will allow

vou to see where the data volume is. This not only helps vou to fine tune your

viewing geometry in subsequent images. but also helps you to orient rendered
surfaces in relation to the volume. If you don’t want an image matte, simply enter

the RGB triplet for black (0.0.0).

Once vou have entered this sequence of parameter values, VIPER will enter
its autonomous mode and proceed with generating the image yon have specified.
When VIPER has completed your image. it will ask vou if you want to generate

another image. Entering 0 will canse VIPER to terminate. On the other hand, if

von enter 1, VIPER will retain the data volume and scaling factors from the
original image and reenter the parameter-setting phase. This evele may be
repeated for as many images as vou desire, Thus, von can save a great deal of time _*

by not having to repeat the data-reading portion of the prograns.

-l
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Uy Spocding Up Torage Cloneration

There are a number of wavs to shorten the time required to generate an
image with VIPER. Most of them entail some sort of tradeoll between the time
required and the detail and quality of the final image. This section will briefly
onthine some of these technigues and any possible tradeoflx that | have been able to

identily,

The first technigue involves cutting down the size of the viewing plance as
much as possible. Since the time required to generate an image is directly
proportional to the number of pixels that comprise the image. cutting down on the
number of pixels will cut down on the time required. This is a fairly good
technique in that it doesn’t necessarily degrade the final image. Instead, it requires
vou to carefully size vour image of the volume and trim the viewing plane
accordingly. Naturally. if vou nse a smaller image size for your volume. you will he
able to trim the viewing plane even more. Also, smaller image sizes will produce a

faster run. even if vou don’t trim the screen.

Another wav to shorten the execution time is to trim wway unnecessary
portions of the data volume. As previously mentioned, this can be accomplished
cither by embedding the viewing plane within the data volume or explicitly
defining slabs of the volume that are to be trimmed off. This speeds up the
rendering process by presenting less data to be rendered. You should be very
careful, however. when using this technique. Indiscriminate trimming imay cause
VIPER to omit important features within the volinne.

Using very dull, opaque surfaces will produce a shorter ran time. However,
opaque surfaces will mask any underlving surfaces. However. this techmque is
useful for *quick looks™ and situations where vou know there will be no underlving,

surfaces.

A final techuique 1 have used to specd up the image time is to place the

56




viewing plane very dlose 1o the eve position. This will canse the rays nsed for
image rendering to be more divergent. s this divergence increases, the time
required to produce an image decreases. At the same time, more divergent rays
produce ever-increasing gaps where no data is included in the final image.
Significant features (such ax vortices and shock waves) conld be concealed in these
gaps. Onee again, this technigue is more suited for *quick look™ images or images

of volnmes that contain only coarse features.

As | previously mentioned. these technigues will speed up the rate of wage
execution: however, you must be careful and weigh the consequences involved

hefore proceeding with these or any other shortcuts.

A5 Samplc Session

The following is a transcript from an actual VIPER session. The holdfaced

entries are VIPER prompts;: user inputs are shown in standard print.

viper -¢ error.vol
Do you want feedback (0 = NO, 1 = YES) =0
Polhemus Error Field
Please enter name for image file =samplel.tle
The Volume Being Rendered Has XYZ Voxel Dimensions of 5 5 3.
and Goes From -2.00 to 2.00 Along the X Axis,
-2.00 to 2.00 Along the Y Axis,
and -1.00 to 1.00 Along the Z Axis.
Enter X, Y, & Z Scaling Factors =15 |5 15
Want to Triin Away Part of the Volume? (No:0 Yes:1) =1
Trim Off the LEFT Side? (No: 0 Yes: 1) =0
Trim Off the RIGHT Side? (No: 0 Yes: 1) =0
Trim Off the TOP? (No: 0 Yes: 1) =0
Trim Off the BOTTOM? (No: 0 Yes: 1) =0

[ ]
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Trinm O the FRONT? (No: 0 Yes: 1) =1
| How Much? =5.7

Trim Off the BACK? (No: 0 Yes: 1) =0
3 How Far From Your Eye to CENTER OF VOLUME = 1500,
How Far From Your Eye to the Viewing Plane = 1000.
Enter Angle of Rotatio:: About X Axis (Degrees) =.
Enter Angle of Rotation About Y Axis (Degrees) =15.
Enter Angle of Rotation About Z Axis (Degrees) =0.
Enter X, Y, and Z Translation Distances =0. 0. 0.
Do you wai.. to change the screen size (0 = NO, 1 = YES) =1
Enter new screen dimensions (x y) =350 350
Enter Ambient Light Level (0.0 — 1.0) = .8
How Many Light Sources Do You Want =2
Enter X, Y, Z Location for Light # 1 =135. 50. 200.
B Enter X, Y, Z Location for Light # 2 =-35. 200. 800.

Enter number of target values to be found =2

Enter target value # 1 =-0.

Enter allowable target value variance =.5

Enter RGB values to be associated with 0.00 = .5 0.
Enter Opacity for 0.00 (Clear:0.0 — Opaque:1.0) =R
Enter target value # 2 =2

Enter allowable target value variance =0.75

Enter RGB values to be associated with 2.00 =0. 0. 1.
Enter Opacity for 2.00 (Clear:0.0 — Opaque:1.0) = 1.
Enter Surface Glossiness (Dull: 0.0 — Shiny: 1.0) = .45
Enter RGB Values for Border Matte = 1. 0. 0.

Saving File as samplel.rle

» One more time? ( 0 = No, 1 = Yes ): 0




————_

AL .
Lo Conclusion

.l In developing VIPER. T have tried to produce a convenient, reasonably
efficient program that will render 30) images of voliumetrie data. 1 have tried to
incorporate asx many useful features as 1 could. If vou can think of anv other

- capabilities that would be useful (or implement any of them voursell) or encounter
problems that T have missed, please notify the computer graphics facuity here at
the Department of Flectrical Engineering, Air Foree Institute of Technology,
Weight- Patterson Air Foree Base, Ohio.

-
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ABSTRAC'T
, The behavior of fluids has been studied for years. This behavior has heen modeled
7/ o by the Navier-Stokes equations since the mid-nineteenth century; however, these

equations are 8o complex that their use hy engineers was impractical until the advent

of the modern comiputer,. The same computers that made these equations useful
wascreatedsanew problem»data saturation. The solution to the Navier-Stokes equations—,

which represent an acrodynamic flow ficld s comprised of thousands #not milliongof
FEA niinbers, This nmch datmmakes it virtually impossible to conceptualize the situation
within the flow field. To alleviate this problem, various computer graphics techniques
hiave beeu used to provide images of flow fields. Some of these techniques rely on
approximating isometric surfaces of interest with polygons: others only provide an
image of a two-dimensional “slice”™ of the flow field.

ARRaA VEXS

— - . This thesis pmmf}appheq a rclatively new graphics technique known as- “volumetric
rendering™ to generate three-dimensional muages of aerodynamic flow fields. -Vol-
umetric rendering has shown promising results i ) in, severnl applications of scientific
visualization. Oune ad\antagejof this tvchmqu«-vﬁs {hat it doesn’t rely on geometric
primitives to approximate a a sutrface, ’A1R0, no a priori knowledge of the flow field’s
form is required to produce the hlldl Huagess . ’ R

To assess the utility of volumetric rendering in the field of computational Ruid dy-
namics (CED). a programm known as VIPER is developed. This thesis outlines the
requirements and specific algorithms for this program. Dhuages of flow fields are
presented and discussed along with program enhancements. -Although VIPER is de- -
veloped for C1D purposes, its design permits its use in @ifferent applications, smeral
of which are discussed. 1

I SO

1
3

=




